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Insulin receptor-related receptor expression in non-A intercalated cells
in the kidney. Insulin receptor- related receptor (IRR) is a novel receptor
tyrosine kinase in the insulin receptor family. Previous studies have
demonstrated that the mammalian organ with the highest level of IRR
mRNA is the kidney. By in Situ hybridization, kidney expression of IRR
transcript is only in the distal nephron and the collecting ducts; however,
the specific cellular distribution of IRR is unknown. The purpose of this
study was to examine IRR protein expression in the adult mouse kidney
using immunohistochemical techniques. IRR was specifically present in a
subset of cells in the connecting tubule, the initial collecting tubule, and
the cortical collecting duct. IRR protein is detected in cells that express
vacuolar HtATPase and carbonic anhydrase 2, but not in cells that
express band 3 (anion exchanger 1). In the cortical collecting duct, the
IRR positive cells are likely B intercalated cells. In the connecting tubule
and the initial collecting tubule, the cells are B cells and/or non-A non-B
cells. Thus, IRR is a specific marker for non-A intercalated cells in the
kidney.
In 1989, a novel receptor tyrosine kinase (RTK) in the insulin
receptor (IR) family was discovered and named insulin receptor-
related receptor (IRR) [1]. As with the related insulin receptor
and type 1 insulin-like growth factor receptor (IGF1-R), IRR is
synthesized initially as a single polypeptide that is then cleaved
into alpha and beta subunits, with predicted molecular weights of
79 and 61 kDa, respectively [2]. The mature receptors exist as
tetramers with two cysteine-rich extracellular alpha chains linked
by disulfide bonds to transmembrane-bound beta chains, which
contain the cytoplasmic tyrosine kinase domain [3]. The kinase
domains of IRR, IR, and IGFI-R share about 80% sequence
homology [1]; however, the sequences of the receptors diverge
considerably in the cysteine-rich domains and in the C-terminus
[3].
IRR differs from IR and IGF1-R in two major ways. First,
unlike JR and IGFI-R, the ligand(s) for IRR is (are) unknown.
Attempts to demonstrate IRR receptor activation or binding with
the known vertebrate insulin-like molecules (including insulin,
IGF1, IGF2, and relaxin) or several invertebrate molecules (in-
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eluding bombyxins II and IV, and molluscan insulin-like peptide)
have yielded negative results [4]. In addition, IRR has a very
limited tissue distribution in comparison with IR and IGFI-R [5].
In the rat nervous system, IRR expression by in situ hybridization
was demonstrated in neural-crest derived structures including
trigeminal, dorsal root, and sympathetic ganglia, and in non-
neural crest derived structures such as neurons of the basal
forebrain and striatum [6, 7]. IRR transcript has also been
detected in thymus [5], heart [8] and in enterochromaffin-like cells
of the stomach [9].
Several studies have demonstrated that the mammalian organ
with the highest level of IRR transcript is the kidney (although
protein expression has not been reported) [3, 7, 8, 10]. In the rat
kidney, IRR mRNA assayed by quantitative PCR increases
through embryogenesis reaching maximal and stable expression at
14 days after birth [5]. IRR message has also been detected in
fetal and adult human kidney [10]. Kidney expression of IRR
mRNA appears to be in the distal nephron and the collecting
duct, although the specific cell expressing IRR has not been
identified. One study demonstrated that adult rat kidneys ex-
pressed JRR transcript in cortical tubules without a brush border
and beyond the macula densa [10]. Another study demonstrated
that IRR transcript did not co-localize with Tamm-Horsfall
protein expression in adult rat kidney, confirming that IRR is
expressed in tubules distal to the thick ascending limb and early
distal convoluted tubule [8].
The portion of the kidney distal to the distal convoluted tubule
consists of the connecting tubule (CNT), the initial collecting
tubule (ICT) and the collecting duct (CD). Unlike more proximal
tubules, these segments are composed of heterogeneous cell
populations. Some of the cells are primarily involved in sodium
reabsorption and potassium secretion, including connecting tu-
bule cells in the connecting tubule and principal cells in the initial
collecting tubule as well as the cortical and outer medullary
collecting ducts. Other cells, namely intercalated cells, are princi-
pally involved in acid and base regulation. Two major subtypes of
intercalated cells are A cells and B cells (alpha and beta cells in
the rabbit, respectively). A cells are found in the connecting
segment, the initial collecting tubule, the cortical collecting duct,
and in the medullary collecting duct, extending halfway to the tip
of the papilla in mice [11] hut confined to the outer medulla in rats
and rabbits [12]. The major function of A cells is to acidic' the
urine, primarily under conditions of systemic acid loads [12]. B
intercalated cells are only found in the connecting segment and
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cortical collecting duct [121. As opposed to A cells, B cells secrete
bicarbonate in the urine, and are most active under conditions of
systemic base excess [121. A smaller number of intercalated cells
cannot be classified as either A cells or B cells [11, 13—15]. In the
mouse, non-A non-B cells are found only in the connecting tubule
and the initial collecting tubule [11].
It is possible to use morphological and immunological markers
to distinguish the various cell types in the connecting segment
and the collecting tubule and duct. Principal cells usually appear
flat, while intercalated cells are often rounded, projecting into
the tubular lumen [121. In addition, unlike connecting segment
cells and principal cells, intercalated cells do not express
immunologically detectable sodium-potassium ATPase [12].
Further, antibodies against vacuolar H-ATPase and carbonic
anhydrase 2 are specific for all intercalated cells [12]. Although
both A and B cells express chloride-base exchangers, only the
A cell transporter cross reacts with antibodies against the
erythrocyte exchanger known as anion exchanger 1 (AEI) or
band 3 [12]. Band 3 labeling is typically on the basolateral
surface of the type A intercalated cells [12]. In the mouse,
non-A non-B cells demonstrate apical H -ATPase staining, but
do not stain for band 3 [11].
The first goal of the present study was to determine if IRR
protein is expressed in cells of adult mouse kidney. The second
goal was to identify the specific cell expressing IRR in the kidney.
METHODS
Antibodies
The 774 and 727 antibodies, used to identify IRR, are affinity-
purified rabbit polyclonal antibodies raised against synthetic pep-
tides identical in sequence to portions of the C-terminus and the
juxtamembrane region of mouse IRR, respectively. Preimmune
and successive antisera bleeds were employed on IRR transfected
and nontransfected cells. Both immune precipitation and Western
blot analysis verified the specificity of the immune antisera for the
intact and a-subunit of the receptor. In addition, immunocyto-
chemistry on the same cell lines verified specific expression in the
transfected cells (see below, Fig. 1, and J.M.M. and L.F.P.,
manuscript in preparation). The H-ATPase antibody, a poly-
clonal rabbit antibody against the 70 kDa subunit of the ATPase
[131, was a gift from Dr. Dennis Stone at the University of Texas
Southwestern Medical Center at Dallas. The antibody used to
identify the band 3 exchanger (AEI) is a rabbit polyclonal against
the C-terminus of AE2, which cross reacts with AEI in kidney [161
and was a gift from Dr. Seth Alper and Dr. Alan Stuart-Tilley
at the Beth Israel Hospital in Boston. The sodium-potassium
ATPase antibody is a rabbit polyclonal previously characterized
[17, 18] and was a gift from Dr. Evan Stubbs and Dr. George
Siegel at the Hines VA Hospital at Hines, Illinois. The antibody
used to detect carbonic anhydrase 2 is a rabbit polyclonal char-
acterized previously [11] and was a gift from Dr. Kirsten Madsen
and Dr. Paul Linser from the University of Florida in Gainesville.
The secondary and tertiary antibodies used for immunohisto-
chemistry with diaminobenzidine (DAB) were from an Elite
Rabbit IgG Vecstatin ABC kit (Vector Laboratories, Inc.). The
anti-rabbit secondary antibodies conjugated with fluorescein iso-
thiocyanate (FITC) and indocarbocyanine (Cy3) were purchased
from Jackson ImmunoResearch Laboratories, Inc.
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Fig. 1. Western blots with antibodies against IRR. (A) Autoradiograph
of WGA-extracted 293 cell lysates immunoblotted with the 774 antibody.
(B) Autoradiograph of Western blot with the 727 antibody; samples
include WGA-extracted 293 cell lysates and 293 cell, mouse kidney, and
mouse liver lysates immunoprecipitated with the 774 antibody. Molecular
weight markers in kDa are represented on the left of the numbers: (293 +)
IRR-overexpressing 293 cells; (293 —) non-transfected cells; (lP +)
immunoprecipitated samples; (IP —) WGA-extracted lysates; (Kid) kid-
ney homogenates; (Liv) liver homogenates.
Cell preparation
An IRR expression vector was generated by ligating a full
length eDNA of murine IRR into a pREP 10 plasmid (Invitro-
gen). Two hundred and ninety-three cells, derived from human
embryonic kidney cells, were then transfected by lipofection with
the expression vector. The cells were then grown in the presence
of 750 xg/ml of hygromycin to select for those cells containing the
plasmid.
Cell lysates were prepared from the IRR-expressing 293 cells
and non-transfected 293 cells. First, 1.5 ml of cold lysis buffer (50
mM Tris-Cl pH 8.0, 150 m NaCl, 1% Igepal CA-630 detergent, 1
jxg/ml aprotinin, I jxg/ml pepstatin, 1 xg/ml leupeptins, 100 xg/ml
phenylmethylsulfonyl fluoride) was added to nearly confluent 150
mm dishes of cells. After agitating the cell suspensions on the
plates for 20 minutes at 4°C, the lysates were spun and the
supernatant was collected. The lysates were then utilized for
immunoprecipitation (see below) or wheat germ agglutinin
(WGA) extraction. WGA-extraction was initiated by the addition
of 100 d of equilibrated wheat germ agglutinin sepharose beads
(Pharmacia Biotech) to each tube of lysate. The beads and lysates
were mixed overnight at 4°C. The following morning, the samples
were spun in a microcentrifuge and the supernatant was removed.
The beads were carefully washed three times with cold lysis buffer.
The beads were then resuspended in 50 jil of acrylamide gel
sample buffer, which was either non-reducing [50 mrvi Tris-CI, pH
6.8, 2% sodium dodecyl sulfate (SDS), 0.1% bromophenol blue,
10% glycerol] or reducing (above with 250 mrvi /3 mercaptoetha-
nol), and boiled for five minutes. The beads were again spun down
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and the supernatant was collected for use in Western blotting (see
below).
Immunoprecipitation
Along with 293 cell lysates, mouse kidney and liver homoge-
nates were immunoprecipitated with the 774 IRR antibody, since
kidney is known to express IRR mRNA, whereas liver does not
(see above). To prepare tissue lysates, adult CD-I mice were
euthanized and their kidneys and portions of their livers (approx-
imately equal in volume to the kidneys) were removed. The tissues
were then homogenized in lysis buffer. The samples were spun
down in a centrifuge and the supernatants were collected. The
tissue lysates and the 293 cell lysates were then precipitated with
10 xg of 774 antibody for one hour on ice. Protein A sepharose
beads (Sigma) were then added to the samples and they were
agitated overnight at 4°C. The following morning, the beads were
centrifuged and the supernatants were discarded. After washes in
cold lysis buffer, the beads were resuspended in 50 d of reducing
or non-reducing sample buffer and boiled for five minutes. The
beads were again spun down and the supernatant was collected for
use in Western blotting.
Western blotting
First, SDS-polyacrylamide gel electrophoresis was performed
on the WGA-extracted 293 cell lysates and the immunoprecipi-
tated cell and tissue samples. A total of 8% gels were utilized for
samples suspended in reducing buffer, whereas 5 to 15% gradient
gels were used for non-reduced samples. After electrophoresis,
the proteins were transferred to nitrocellulose membranes. The
filters were then rinsed with water and stained with Ponceau S for
two to five minutes to insure equal loading of the proteins. The
filters were destained with TBS and then blocked in TBS with
0.1% polyoxyethylene-sorbitan monolaurate (Tween 20) and 3%
milk powder for one hour at room temperature. The filters were
then incubated with 2 xg/ml of primary antibody in blocking
solution overnight at 4°C. The 774 antibody was used with the
WGA-extracted lysates and the 727 antibody was utilized with the
immunoprecipitates. The following day, the filters were washed
three times with TBS-Tween 20 (0.1%) for 10 minutes each. The
filters were then incubated with a 1:2000 dilution of horseradish
peroxidase-conjugated goat anti-rabbit antibody for one hour at
room temperature. After three washes in TBS-Tween 20 for five
minutes each, the proteins were visualized by ECL immunodetec-
tion (Amersham international).
Animal perfusion and kidney sectioning
At least three 2- to 4-month-old CD-I female mice were used
for each histological experiment. Prior to perfusion, the mice were
maintained on distilled water and standard mouse chow (Tekiad
Laboratories, Inc.). immediately before perfusion, the animal was
anesthetized with cocktail consisting of 5 mg of ketamine, 2.5 mg
of xylazine, and 1.25 mg of acepromazinc (Fort Dodge Labora-
tories, Inc.) given by intrapcritoneal injection. An abdominal
incision was made and the aorta was clamped distal to the origin
of the renal arteries. The thorax was dissected open and the right
atrium was incised. The left ventricle was cannulated with a 30
gauge butterfly needle. Using 60 ml syringes, the animals were
then perfused with 120 ml of phosphate-buffered saline (PBS), pH
7,4, followed by 100 ml of 4% paraformaldehyde in PBS. The
kidneys were removed and divided once with a blade in the
midline transverse plane.
The kidneys were then processed for either cryostat or paraffin
sectioning. In preparation for cryostat sectioning, kidneys were
transferred to 20% sucrose overnight at 4°C. Tissues were then
frozen in O.C.T. embedding media (Sakura Finetek, inc.) in liquid
nitrogen. The kidneys were then sectioned by cryostat into 7 xm
slices which were placed on gelatin-coated slides. Before paraffin-
embedding, the kidneys were post-fixed overnight in 4% parafor-
maldehyde in PBS at 4°C. The tissues were then dehydrated in a
series of graded alcohols followed by xylene and then paraffin. The
kidneys were then sectioned by microtome into 3 micron slices
which were placed on gelatin-coated slides.
Immunohistochemistry
Paraffin-embedded sections of adult wild-type mouse kidney
were deparaffinized in xylenes followed by rehydration in a series
of graded alcohols. The tissue was then permeabilized in 0.5%
triton in PBS for 10 minutes at room temperature. After PBS
washes, background peroxidase was quenched with 0.3% hydro-
gen peroxide in PBS for 30 minutes at room temperature.
Following PBS washes, the tissue was then blocked for one hour
at room temperature in 1% bovine serum albumin (BSA) in PBS.
IRR antibody was then added at 2 jxg/ml in 1% BSA and 0.05%
triton in PBS and the tissue incubated overnight at 4°C. The tissue
was then washed three times in PBS for 10 minutes. Goat
anti-rabbit biotinylated secondary antibody (Vector Laboratories,
Inc.) was added at 1:200 in 1% BSA for 30 minutes at room
temperature. Following washes in PBS, the tertiary avidin:bioti-
nylated horseradish peroxidase complex (Vector Laboratories,
Inc.) was added for 30 minutes at room temperature. The complex
was visualized with DAB and nickel chloride. The tissue was then
counterstained with eosin.
Immunohistochemistry (H-ATPase)/in situ hybridization
Immunohistochemistry with H -ATPase was performed first
followed by in situ hybridization with IRR. Paraffin-embedded
sections were deparaffinized, permeabilized, and treated with
peroxide, and blocked as above. The tissues were then incubated
in H-ATPase antibody at 1:200 or vehicle only in 1% BSA and
0.05% triton for one hour at room temperature. The secondary
and tertiary antibodies were added as above. The complex was
visualized in DAB without nickel chloride.
The slides used for in situ hybridization with IRR were then
washed in PBS and placed in 4% paraformaldehyde in PBS for
30 minutes at 4°C. After washing in PBS, the tissue was then
incubated in 20 mg/ml of proteinase K at 37°C for 30 minutes. The
tissue was then fixed again in 4% paraformaldehyde in PBS for 10
minutes at room temperature. After another PBS wash, the tissue
was placed in 0.1 M triethanolamine pH 7.5 to which acetic
anhydride was added to a final concentration of 0.25%. The slides
were then rinsed in water and dehydrated in a graded Neries of
ethanol. After air drying for one hour, the slides were incubated
overnight at 53°C with a 35S-UTP labeled antisense RNA probe
against a 1.8 kB fragment containing exons 3 to 11 of mouse IRR
[11.
The slides were then washed first in 5 X SSC and then in 2 x
SSC in 10 ms DIT at 50°C for 30 minutes each. The tissue was
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then incubated in 20 tg/ml of RNAse A and 2 jtg/ml of RNAse TI
at 37°C for 30 minutes, followed by a wash in 50% formamide with
2 X SSC and 10 mrvi DTT at 65°C for 60 minutes. The final two
washes were in 0.0625% sodium pyrophosphate with 2)< SSC and
10 mM DTT at 50°C for 30 minutes each. The tissue was then
dehydrated in a series of graded ethanols with 0.3 M ammonium
acetate. The slides were then dipped in a warmed Kodak NTB-2
emulsion and kept at 4°C in the dark for seven days. The slides
were then developed in Kodak D-19 developer and then fixed in
Kodak Rapid Fix. Finally, the slides were counterstained with
lightly with eosin.
Indirect immunofluorescence
All indirect immunofluorescence studies were performed with
cryostat kidney sections. For control purposes, kidneys from a
colony of IRR null mice (J.M.M. and L.F.P., manuscript in
preparation) were used in addition to wild-type mice. The tissues
were permeabilized with 0.5% triton in PBS for ten minutes. After
washing in PBS, the sections were blocked for one hour with 1%
albumin in PBS at room temperature. The tissue was then
incubated for one hour in IRR antibody at 2 mg/mI in 1% albumin
and 0.05% triton in PBS at room temperature. After washing in
PBS, the slides were incubated for 30 minutes in goat anti-rabbit
Cy3 conjugated antibodies at a 1:500 dilution at room tempera-
ture. The slides were then washed in PBS and mounted in
fluorescent mounting media.
Since IRR antibody and the other localizing antibodies were
generated in rabbits, double labeling studies were performed
utilizing secondary monovalent FAB fragment conjugates to
"convert" the first primary antibody to a different species [19].
Briefly, the tissue was permeabilized and blocked as in the single
labeling experiment. The sections were then incubated in IRR
antibody as above. After washing in PBS, the tissue was then
incubated in goat anti-rabbit Cy3 conjugated monovalent FAB
fragments at a 1:500 dilution for 30 minutes as above. After PBS
washes, the tissue was incubated for one hour in the localizing
antibodies in 1% albumin in PBS. The band 3 antibody was used
at a 1:250 dilution. The sodium-potassium ATPase antibody and
the carbonic anhydrase antibody were each used at a 1:500
dilution. Following PBS washes, the slides were incubated in goat
anti-rabbit FITC conjugated antibody at a 1:25 dilution for 30
minutes in 1% albumin. The slides were washed in PBS and
mounted in fluorescent medium.
Photography
Both the light microscopic and fluorescent slides were photo-
graphed with a 35 mm Olympus camera mounted on an Olympus
BX5O microscope. For the dual labeling immunofluorescent stud-
ies, sections were photographed first with a red and green filter
separately and then double exposed with each filter.
RESULTS
The specificity of the polyclonal antipeptide 774 antibody
generated against IRR was demonstrated by Western blotting
(Fig. 1). Under reducing conditions, which disrupt the disulfide
bonds linking the a and 13 chains of the receptor, the antibody
should detect a band of approximately 68 kDa, which corresponds
to the 13 chain; a band of this size was observed in WGA-extracted
lysates of 293 cells that overexpress IRR, but not in lysates of
non-transfected cells (Fig. 1A). In addition, a 68 kDa band was
detected in the immunoprecipitated cell lysates under reducing
conditions, but was not seen in the mouse kidney or liver
homogenates (data not shown). Under non-reducing conditions,
however, a band of approximately 290 kDa, the predicted size of
the intact IRR tetramer, was detected in the IRR-expressing 293
cells and in mouse kidney, but not in liver (Fig. IB). Nonspecific
bands migrating below the 290 kDa bands were present in the
immunoprecipitated samples from both test and control samples
(Fig. 1B). The above data indicates that the IRR (774) antibody
recognizes the IRR fragment in reducing and non reducing
conditions. We then utilized 774 in the subsequent studies exam-
ining tissue expression of IRR.
By immunohistochemistiy with DAB and nickel chloride and
indirect immunofluorescence, the 774 antibody identified IRR
protein in a subset of cells in the adult mouse kidney (Fig. 2). No
immunofluorescent staining for IRR was noted in kidney sections
from IRR null mice (data not shown). Consistent with previous in
Situ hybridization studies, the IRR-positive cells were tubular
epithelial cells limited to the cortex (Fig. 2B). The tubules
expressing IRR demonstrated cells of varying morphology which
would be consistent with the connecting tubule, the initial collect-
ing tubule, and the cortical collecting duct. Furthermore, IRR was
detected in a subset of the epithelial cells in these segments (Fig.
2 C, D). The IRR-positive cells appeared to stain throughout the
cytoplasm, sparing the nucleus (although some background nu-
clear staining could be seen in surrounding cells). In addition,
most of the IRR-expressing cells were large with rounded apical
surfaces projecting into the lumen, which was suggestive of
intercalated cells. In contrast, those cells not expressing IRR were
typically smaller with a flat apical surface, which would be most
consistent with principal cells. The fact that the positive staining
was limited to a subset of cells in concordance with RNA in situ
studies, and that IRR null mouse kidneys demonstrated no
labeling further reinforced our conviction that 774 was recogniz-
ing IRR specifically in this study.
To identify the specific cells expressing IRR, colocalization
studies were performed with markers for epithelial cells at sites
distal to the distal convoluted tubule. Since intercalated cells
appeared to be a cell type expressing IRR, antibody against the
vacuolar H -ATPase was utilized for the first colocalization study.
Whereas antibody against IRR performed well when used for
immunohistochemistry in cryostat kidney sections and poorly in
paraffin-embedded sections of kidney, the antibody against vacu-
olar H-ATPase performed much better in paraffin-embedded
tissue than in cryostat sections. Therefore, immunohistochemistiy
against H-ATPase was combined with in situ hybridization
against IRR in paraffin-embedded kidney sections. The H-
ATPase was stained brown with the unenhanced DAB (Fig. 3 A,
B). The silver grains, which identify IRR mRNA, were clustered
over a subset of the H -ATPase-staining cells (Fig. 3B). In
addition, all of the IRR-expressing cells appeared to be positive
for the H pump. Thus, it appeared that IRR was located in a
subset of intercalated cells in the connecting segment, the initial
collecting tubule, and the cortical collecting duct.
To confirm that renal IRR expression was confined to a subset
intercalated cells, additional colocalization studies were per-
formed with IRR and antibody against carbonic anhydrase 2.
Unlike the antibody against the H-ATPase, the CA 2 antibody
was very effective when used for indirect immunofluorescence in
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Fig. 2. IRR expression in mouse kidney. (A) Diagram of a cross Section of adult mouse kidney (modified from Kriz W, Kaissling B, in The Kidney:
Physiology and Pathophysiology (2nd ed), edited by Seldin DW, Giebisch G, New York, Raven, 1992, p 708; used with permission). Numbers represent:
1 = cortex; 2 = outer medullary stripe; 3 = inner medullaty stripe; 4 = papilla; 5 = pelvic septum; 6 = pelvic cavity; 7 = hilar tunnel; the box in the
lower right corner represents the area shown in B. (B) Low power fluorescent micrograph illustrating IRR staining pattern (magnification X 100). (C)
Higher power fluorescent micrograph of IRR staining pattern (magnification X400) (D) Higher power light micrograph demonstrating IRR expression
with DAB/NiCl (magnification x400). Symbols are: concave arrowheads, glomeruli; arrowheads, IRR-positive tubular cells; arrows, IRR-negative cells.
Reproduction of this figure in color was supported by a grant from the Sandoz Transplant Division of Novartis Pharmaceuticals, East Hanover, NJ, USA.
Fig. 3. IRR mRNA expression in subset of H-ATPase.positive cells. (A) Light micrograph of mouse kidney demonstrating H-ATPase (HA)
immunostaining with DAB (magnification x400). (B) Light micrograph of mouse kidney illustrating combined H-ATPase immunostaining with DAB
and IRR mRNA expression by in situ hybridization (magnification X400). Insets on the upper right and lower left corners are higher power views of
H-ATPase-positive cells that do express and do not express IRR, respectively (magnification X 1800). Reproduction of this figure in color was
supported by a grant from Baxter Healthcare Corporation, McGaw Park, IL, USA.
Fig. 4. Fluorescent micrographs illustrating IRR and carbonic anhydrase 2 (CA2) expression in mouse kidney (all magnifications x400). (A) Single
exposure with red filter demonstrating IRR expression. (B) Single exposure with green filter demonstrating CA2 expression. (C) Double exposure with
two filters demonstrating expression of IRR in a subset of CA2-positive cells. Symbols are: arrowheads, cells expressing both IRR and CA2; arrows, cells
only expressing CA2.
Fig. 5. Fluorescent micrographs illustrating IRR and sodium-potassium ATPase (NA) expression in mouse kidney (all magnifications x400). (A)
Single exposure with red filter demonstrating IRR expression. (B) Single exposure with green filter demonstrating NA expression. (C) Double exposure
with two filters demonstrating that IRR and NA are not expressed in the same cells. Arrowheads are cells expressing IRR
Fig. 6. Fluorescent micrographs illustrating IRR and band 3 (B3) expression in mouse kidney (all magnifications x400). (A) Single exposure with red
filter demonstrating IRR expression. (B) Single exposure with green filter demonstrating B3 expression. (C) Double exposure with two filters
demonstrating that IRR and B3 are not expressed in the same cells. Arrowheads denote the cells expressing IRR.
ciyostat kidney sections. Therefore, dual labeling indirect immu-
nofluorescence was performed with IRR and CA2 antibodies in
clyostat tissue sections. As in earlier studies, the IRR-positive
cells appeared red with a diffuse staining pattern when labeled
with the cyanine fluorescent dye (Fig. 4A). Likewise, carbonic
anhydrase 2 labeling of intercalated cells with the green fluores-
cein dye was demonstrated diffusely throughout the cytoplasm
(Fig. 4B). When the red and green filters were combined, every
IRR-positive cell was also expressing CA2, resulting in a yellow
appearance (Fig. 4C). Other CA2-positive cells remained green,
however, suggesting that IRR was expressed only in a subset of
intercalated cells.
To confirm that IRR was expression was exclusive to interca-
lated cells, similar colocalization studies were then performed
with antibodies against JRR and the sodium-potassium ATPase
(Fig. 5). From the connecting segment through the collecting
duct, the sodium-potassium ATPase antibody identifies non-
intercalated cells including connecting segment cells and principal
cells. As with the CA2, the sodium-potassium ATPase-positive
cells were labeled diffusely with the fluorescein dye (Fig. SB),
whereas the cells expressing IRR appeared red with the cyanine
labeling (Fig. 5A). When the red and green filters were combined,
the IRR-positive cells and the sodium-potassium ATPase-express-
ing cells did not overlap, noted by the relative lack of yellow
staining (Fig. SC). Thus, this study confirmed that IRR expression
was exclusively in intercalated cells.
To better determine the subtype of intercalated cell expressing
IRR, an additional colocalization study was performed with
antibodies against IRR and band 3. As expected, band 3 labeling
was localized on the basolateral surface of the type A intercalated
cells (Fig. 6B). The IRR-positive intercalated cells, however, do
not exhibit the strong basolateral band 3 staining (Fig. 6C). These
results rule out IRR expression in type A intercalated cells.
Therefore, in the cortical collecting duct, the IRR-positive cells
are likely B intercalated cells. In the connecting segment and
initial collecting tubule, the IRR-expressing cells are B cells
and/or non-A non-B cells. Thus, IRR is a specific immunohisto-
chemical marker for non-A intercalated cells in the kidney.
DISCUSSION
The present study was undertaken to identify the precise cell
type in the kidney where the insulin receptor-related receptor is
expressed. We demonstrate that in the kidney, IRR protein is
exclusively in non-A intercalated cells.
Developmental marker of intercalated cells
IRR may serve as an immunohistochemical marker for the
developmental tracking of B cells and/or non-A non-B cells to the
distal tubules and collecting ducts during nephrogenesis. The
kidney develops from metanephric mesenchyme and ureter bud,
which respectively form the nephron ending at the connecting
tubule, and the collecting tubule and duct [20]. Since intercalated
cells appear in both the connecting tubule and the collecting duct,
their precursors could be derived from either embryonic compo-
nent. Although one study in developing rat kidney suggests that
intercalated cells arise from precursors in both mesenchyme and
in ureter bud, the authors did not employ specific markers for
non-A intercalated cells [21]. Thus, examining the expression
pattern of IRR in developing animals may reveal the embryonic
tissues which give rise to non-A intercalated cells.
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In addition, utilizing IRR as a non-A cell marker may help to
determine whether or not cells in the collecting duct arise from a
common precursor or can convert from one type to another in the
adult animals. One group of researchers has demonstrated that an
immortalized rabbit beta cell line with a band 3-like apical
chloride-bicarbonate exchanger can be transformed to an alpha
phenotype, depending on the seeding density of the cells [22, 23].
Another group demonstrated that rabbit beta cells, obtained by
fluorescence-activated cell sorting, can differentiate into both
alpha cells and principal cells in culture [24]. In vivo data,
however, suggest that these cells arise from independent precur-
sors and do not convert from one type to another in adult animals.
In the whole animal, the chloride bicarbonate exchanger in the A
cell and the B cell appear to be immunologically and functionally
dissimilar [12]. In addition, careful electron microscopic studies of
developing rat kidneys demonstrate what appear to be early forms
of both A and B cells appearing simultaneously [21]. Finally,
administration of ammonium chloride to rabbits does not appear
to change the percentage alpha intercalated cells in the adult
kidney [25]. Examining IRR expression in developing kidneys may
assist in determining if cells in the collecting duct have common or
distinct progenitors and whether plasticity exists between types of
intercalated cells.
IRR in mature non-A intercalated cells
Identification of the ligand for IRR would help answer ques-
tions about its role in non-A intercalated cells. The ligand for IRR
may in fact be produced locally within the kidney. IGF1 mRNA is
found in cells of the medullary thick ascending limb of Henle [26,
27], and IGF2 mRNA has been detected in the walls of the renal
microvasculature [26]. In addition, somatostatin, which antago-
nizes some effects of insulin receptor and IGFI receptor, is
produced by human mesangial cells [28]. Furthermore, the ligand
could interact with IRR on not only on the basolateral (blood) cell
surface, but also the lumenal surface. The effect of IFG1 on
phosphate transport in the perfused rabbit proximal tubule, for
example, was shown to be much more potent when added to the
lumen than the bath [29]. Thus, the ligand for IRR could be
synthesized in the kidney in an autocrine or paracrine fashion,
binding to IRR on either the lumenal or basolateral cell surface.
One goal of this study was to learn whether IRR was localized
on the lumenal or basolateral cell surface. Our results do not go
beyond localizing the protein to the cytoplasm rather that the
nucleus of non-A cells. We anticipate that the receptor exerts its
function at the cell membrane, however many factors can impede
direct localization. For example, our antibody may recognize
abundant IRR as it is synthesized and processed in the endoplas-
mic reticulum and the Golgi apparatus on the way to the cell
surface. Additionally, IRR may be internalized into the cell after
binding to its ligand, a common process with receptor tyrosine
kinases [30]. IRR may also reside in cytoplasmic vesicles that
could shuttle to the intercalated cell surface when needed, in a
manner similar to the movement of cytoplasmic H -ATPase
pumps to the cell surface in response to changes in systemic pH
[12, 31]. Electron microscopic immuogold or immunoperoxidase
techniques would likely identify the precise subcellular location of
IRR in the non-A cells.
In summary, the present study demonstrates that IRR protein is
detected in a subset of intercalated cells in adult mouse kidney.
The intercalated cells expressing ERR are only in cortical seg-
ments of the distal nephron and the collecting duct. Since IRR
does not co-localize with band 3, the A cell is not the IRR-
expressing intercalated cell. In the cortical collecting duct, the
IRR positive cells are likely B intercalated cells. In the connecting
tubule and the initial collecting tubule, the cells are B cells and/or
non-A non-B cells. Thus, IRR is a specific marker for non-A
intercalated cells in the mouse kidney.
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